We derive here the form for the exact exchange energy density for a density that decays with Gaussian-type behavior at long range. This functional is intermediate between the B88 and the PW91 exchange functionals. Using this modified functional to match the form expected for Gaussian densities, we propose the X3LYP extended functional. We find that X3LYP significantly outperforms Becke three parameter Lee-Yang-Parr ͑B3LYP͒ for describing van der Waals and hydrogen bond interactions, while performing slightly better than B3LYP for predicting heats of formation, ionization potentials, electron affinities, proton affinities, and total atomic energies as validated with the extended G2 set of atoms and molecules. Thus X3LYP greatly enlarges the field of applications for density functional theory. In particular the success of X3LYP in describing the water dimer ͑with R e and D e within the error bars of the most accurate determinations͒ makes it an excellent candidate for predicting accurate ligand-protein and ligand-DNA interactions.
I. INTRODUCTION
Density-functional theory 1 ͑DFT͒ has become the method of choice for first principles quantum chemical calculations of the electronic structure and properties of many molecular and solid systems. With the exact exchangecorrelation functional, DFT could take into full account of all complex many-body effects at a computational cost characteristic of mean-field approximations. 1 However, the exact exchange-correlation functional is unknown, making it essential to pursue more and more accurate and reliable approximate functionals.
Various approximations to the exchange-correlation energy have been developed and tested in recent decades. A foundation of most approaches is the local density approximation ͑LDA͒ based on solutions of the uniform electron gas ͑UEG͒. [2] [3] [4] It is well documented that LDA yields results of good or moderate accuracy for such properties as lattice constants, bulk moduli, equilibrium geometries, and vibrational frequencies. 5 However, LDA leads to bond energies and cohesive energies far too large, making it ''not useful for thermochemistry.'' 6 The generalized gradient approximation ͑GGA͒ includes the first-order gradient of the density. 7 The most popular GGA functionals [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] include ͑i͒ the B88 exchange functional ͑Becke 8 ͒ which is often combined with the LYP correlation functional, due to Lee-Yang-Parr; 11, 12 and ͑ii͒ the ''nonempirical'' exchange-correlation functionals, PW91 9 and PBE, 10 due to Perdew and co-workers.
These GGAs significantly reduce the overbinding tendency of LDA, but generally remain inadequate for thermochemistry of molecules. 6, [21] [22] [23] A big step toward greater accuracy was the introduction of hybrid methods 24 that include some amount of ''exact exchange'' on the basis of the adiabatic connection formula. 24 -26 The most effective hybrid method is B3LYP, 27 which is formulated as:
ϩa c E c VWN dimers (He 2 ,Ne 2 ) near their van der Waals minima. 16 The resulting mPWPW model is superior to the original PWPW functional for these interactions. 16 Perdew, Burke, and Ernzerhof ͑PBE 10 ͒ presented a simplified GGA claimed to improve six shortcomings over PW91. Although PBE is not specifically designed for van der Waals systems, it does show the best performance among conventional GGAs. 36 -38 However, PBE does not pass the test of 93 chemical systems designed by Handy and co-workers, who concluded that PBE ''cannot be recommended for chemistry.'' 39 We present here the X3LYP extended functional, which predicts accurate electronic and thermodynamic properties of molecular systems with improved descriptions of the equilibrium properties of hydrogen bonded and van der Waals systems, thus greatly extending the applicability of densityfunctional theory.
II. FORMULATION OF THE EXTENDED FUNCTIONAL

A. Background
We will assume that the exchange-correlation functional is separable E xc ϭE x ϩE c . ͑2͒
Since the magnitude of the correlation energy is generally less than 10% of the exchange energy, we consider that it is most important that the exchange functional be accurate. 41 Thus in the present work we choose the LYP 11,12 correlation functional and focus on developing an improved exchange functional.
The exchange energy, E x , is expressed as E x ϭ ͵ ⑀ x ͓͑ r͒,ٌ͉͑r͉͒,...͔dr,
͑3͒
where ⑀ x is the exchange energy distribution per unit volume. A x ) , and dϭ4. Becke obtained ␤ϭ0.0042 from fitting to Hartree-Fock ͑HF͒ exchange energies for the noble gas atoms. 8 Note that if a 4 and a 5 are set to zero, PW91 exchange has the same form as B88.
The , and F PBE (s) functions are plotted in Fig. 1 . These three functions are similar for small s, but differ significantly for large s, which is the region believed to be important for describing van der Waals systems. 41 It has been shown that as r approaches infinity, (r) approaches exp(Ϫ␣r) so that
(s) assures this correct asymptotic behavior of the exchange energy density. 8 Levy and Perdew showed that some scaling properties can be satisfied if the asymptotic form of the functional for large s is s Ϫ␣ , where ␣у1/2 ͑Condition 2͒. 42 Another condition is the Lieb-Oxford bound ͑Condition 3͒, 43 Condition 1 and Conditions 2 and 3 cannot be simultaneously satisfied by functionals of the GGA form. Thus the large s behavior cannot be uniquely fixed with these mathematical conditions. It has been argued that the Lieb-Oxford bound is more important than other conditions for a weakly bound system. 44 In fact, PBE sacrifices Condition 2 to avoid the F(s) turnover of PW91, which is suspected to cause spurious wiggles in the potential for large s.
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B. Gaussian-type density decay
According to the Fermi-Amaldi model, 18, 19 the exchange energy E x () may be approximated by the classical Coulomb repulsion J() via:
where N is the total number of electrons of the system concerned. The exchange potential V x (r) associated with Eq. ͑12͒ is
where V c (r) is the Coulomb potential and N has been kept fixed in deriving ͑14͒.
To get E x () from V x (r), one may use
͵ ͑r ͒V x ͑ r ͒dr.
͑15͒
As ϭ1.074 66, instead of 1.0 as required to obey the limit within the local density approximation ͑LDA͒. This may not be necessary for a finite system. Thus Handy et al. recently developed a local exchange functional, OPTX, by fitting to the unrestricted HF energies of the first-and the second-row atoms and found the LDA term to be 1.051 51 rather than 1.0. 17, 40 
III. X3LYP FUNCTIONAL
Based on the F Gauss (s) behavior for sу1.5, as shown in Fig. 1 , we propose the extended exchange functional
Here we choose to obey the LDA limit as s→0, as usually done in the framework of GGA. It is not necessary to restrict the F X to be a linear combination of B88 and PW91; however, we found that this form allows sufficient flexibility, and we considered that using these well known functions would make it easier to incorporate X3LYP into existing DFT codes.
Following the form of the B3LYP functional, we formulate X3LYP, as
The parameters ͕a x0 ,a x ,a c ͖ in Eq. ͑22͒ and ͕a x1 ,a x2 ͖ in Eq.
͑21͒ are determined through least-square fitting of the chemical properties for a small set of atoms and molecules listed in Table I : The atomization energies are computed at the experimental geometries. 47 The experimental atomization energies are taken from Refs. 22 and 47-50.
The parameters are optimized by minimizing Since codes for DFT calculations on solids often use plane wave basis sets that make it expensive to include exact exchange, we also optimized the parameters for the XLYP functional in which the exact exchange term, as well as the VWN term, is deleted. Thus
where ͕a x1 ,a x2 ͖ϭ͕0.722, 0.347͖.
The F X (s) from Eq. ͑24͒ is plotted in Fig. 1 , where we see that it is quite close to F Gauss ͑s) for larger s. To validate the accuracy of X3LYP for thermochemistry, we use the extended G2 set of molecules for which there are quite accurate experimental data available. 22, 23, 46 This set contains:
͑i͒ the heats of formation of 148 molecules; ͑ii͒ 42 ionization potentials; ͑iii͒ 25 electron affinities; ͑iv͒ 8 proton affinities.
These 148 molecules include inorganic compounds and organic compounds; radicals, saturated hydrocarbons, and unsaturated ͑aromatic͒ rings. Thus the heats of formation of these molecules provide a good test of the functionals for the thermochemistry of the covalent systems.
We also include 10 total atomic energies of the first row atoms. 45, 46 In addition, we included He 2 , Ne 2 , and Ar 2 to assess the accuracy of the van der Waals systems. Here we also demanded that exclusion of the LYP correlation function would lead to a repulsive potential curve, similar to HF. This is to eliminate cancellation of errors between the correlation functional and the exchange functional.
We did not include (H 2 O) 2 in the training set for X3LYP but we use it to validate the accuracy of X3LYP for hydrogen bonded interactions.
For the validation against the G2 set, we use the same second-order Moller-Plesset ͑MP2͒ molecular geometries as in G2 theory, 22, 23, 48 and we use the same scaled HF vibrational frequencies for zero-point energies and finitetemperature corrections. Here we employ the 6-311 ϩG(3d f ,2p) basis sets. 22, 23, 48 This choice of geometries and basis sets allows our results to be compared directly with previously published data obtained with other functionals. 22, 53 For He 2 and Ne 2 , we used the aug-cc-pVTZ basis sets. For (H 2 O) 2 we used the aug-cc-pVTZ͑-f͒ basis sets. These bonding energies are BSSE-corrected.
All calculations were performed with JAGUAR 4.0, 54 but we did not use the pseudospectral method, making it easier to compare with literature data. The ultrafine DFT grids of Jaguar were used in all calculations. Table II lists the experimental heats of formation ͑298 K͒ for the extended G2 set of 148 molecules. 22, 48 The meanabsolute-deviations ͑MADs͒ from experiment ͑theory-exptl.͒ for B3LYP, 22 PBE1PBE ͑PBE0͒ 53 and X3LYP are presented. The performance of other functionals like PWPW, PWLYP, PW3PW, PW1PW ͑PW0͒, and PW3LYP, which have not previously been fully tested over the G2 set, is given in the supplemental material ͑Table S1͒. A detailed assessment for the newly developed OLYP 40 and O3LYP 17 functionals will be published elsewhere.
IV. RESULTS AND DISCUSSION
A. Heats of formation
As done elsewhere, 10 we use the notation PBE to signify the PBE exchange functional combined with the PBE correlation functional, and we use PBE1PBE to denote the oneparameter hybrid scheme. 38, 53 As the hybrid coefficient was deduced from the perturbation theory arguments, PBE1PBE is considered a parameter-free hybrid model, and often labeled as PBE0. 38 Similarly, we use the notations PW1PW ͑PW0͒ 16 or mPW1PW ͑mPW0͒.
16
The best result is for X3LYP with MADϭ2.8 kcal/mol. Next best is B3LYP with MADϭ3.1 kcal/mol, while PBE0 ͑PBE1PBE͒ leads to MADϭ4.8 kcal/mol. In contrast, LDA overbinds strongly, leading to MADϭ90.9 kcal/mol! In PBE, hydrogen atoms have a self-correlation energy ͑3.6 kcal/mol per H͒, which leads to a spurious lowering of the energy of H. 53 Thus the heat of formation of H 2 in PBE is under estimated by 6 kcal/mol, while H 2 is overbound in B3LYP and X3LYP by 1.0 and 0.4 kcal/mol, respectively. Concerning the importance of hydrogen in chemistry, it is unfortunate that PBE0 has a deviation of 6 kcal/mol for the heat of formation of H 2 O, while B3LYP and X3LYP lead to errors of 1.3 and 1.6 kcal/mol, respectively. For the subset of inorganic hydrides (X n H m , XϭH, Li, N, O, F, Si, P, S, Cl; nϭ1, 2; mϭ1 -6), MADs are 1.84 ͑B3LYP͒, 4.42 ͑PBE0͒, and 1.78 kcal/mol ͑X3LYP͒. The maximum errors occur at N 2 H 4 for B3LYP ͑6.3͒
22 and X3LYP ͑5.9͒; while the maximum error is 10 kcal/mol (Si 2 H 6 ) for PBE0. 53 The performance of PBE0 for larger hydrocarbons ͑Nos. Table II͒ is also less satisfactory. The MAD of this subset is 9.9 kcal/mol, with the maximum error of 24 kcal/ mol for benzene. B3LYP performs much better. The MAD of this subset is 3.2 kcal/mol. The maximum error ͑7.1 kcal/ mol͒ occurs at bicyclobutane. For benzene, B3LYP deviates from experiment by 4.5 kcal/mol. X3LYP is the best for this subset. The MAD of this subset is 2.2 kcal/mol, with maximum error of 5.8 kcal/mol at bicyclobutane. For benzene, X3LYP leads to deviation of 2.2 kcal/mol from the experimental result.
-94 in
For a subset of substituted hydrocarbons ͑e.g., Nos. 95-136 in Table II͒, the performance ͒, and 1.85 ͑X3LYP͒. The maximum deviations are 9.2 and 7.9 at methylamine for B3LYP 22 and X3LYP, respectively, and 22 at pyridine for PBE0. 53 For a subset of radicals ͑e.g., Nos. 138 -148 in Table II͒ , results from X3LYP and B3LYP are close, leading to MAD ϭ3.00 and 2.89 with the maximum error being Ϫ8.2 and Ϫ7.9 kcal/mol at BeH for B3LYP and X3LYP, respectively. MAD ͑3.93͒ for PBE0 is larger with the maximum error of 12 kcal/mol at (CH 3 ) 3 C.
Although X3LYP and B3LYP are generally more accurate than PBE0, there are cases where PBE0 is better. For example, X3LYP and B3LYP are poor for SO 2 ͑ϳ10 kcal/ mol error for both͒, AlCl 3 ͓10.2 ͑B3LYP͒; 9.1 ͑X3LYP͔͒, and SiCl 4 ͓18.8 ͑B3LYP͒; 17.0 ͑X3LYP͔͒. Errors for PBE0 of these systems are significantly smaller, being 4 (SO 2 ), 2 (AlCl 3 ), and 3 kcal/mol (SiCl 4 ). Table III presents a statistical evaluation of 18 different flavors of GGAs for the calculations of the heats of formation of the extended G2 set. From Table III it is clear that the MADϭ90.9 kcal/mol for LDA ͑SVWN͒ is too high to be useful for thermochemistry.
GGAs greatly reduce the errors. OLYP leads to the smallest MAD ͑4.66 kcal/mol͒, being the best GGA up-todate. The BLYP and BPW91 functionals give MADϭ7.09 and 7.85, respectively. PWPW ͑MADϭ17.8͒ and PWLYP ͑12.9͒ are less satisfactory, showing a larger tendency of overbinding. Thus for thermochemistry the PW91 exchange functional is poorer than B88 exchange functional and the PW91 correlation functional is poorer than the LYP correlation functional. The performance of PBE ͑MADϭ17.1͒
53 is very similar to PW91, unacceptable for thermochemistry. XLYP leads to MADϭ7.56, similar to that of BLYP. Table III shows that for thermochemistry the hybrid methods give an overall improvement compared to pure GGAs. Thus the performance of PBE is significantly improved going from pure PBE ͑MADϭ17.1͒ to one-parameter hybrid PBE0 ͑4.8͒. 53 Keeping in mind that PBE and PBE0 are parameter-free, their overall performances are impressive. It is interesting to notice that the three-parameter hybrid PW3PW ͑MADϭ10.3͒ is actually much worse than the oneparameter hybrid PW1PW ͑PW0͒ ͑MADϭ5.2͒, lending support to the Perdew theoretical hybrid scheme. 38, 53 KMLYP was specially designed for activation barriers 
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Extended hybrid density functional J. Chem. Phys. 122, 014105 (2005) ͑kinetics͒ by omitting the GGA contribution to the exchange energy and emphasizing the role of exact exchange ͓the mixing coefficient for E x (HF) is 0.557 in KMLYP vs. 0.20 in B3LYP͔. 55 KMLYP is reported to achieve activation barriers that are more accurate than B3LYP. We find that the MAD ͑20.4͒ of KMLYP is quite high for thermochemistry, however, these errors can be greatly reduced using ''high-level corrections'' in which energy corrections are included for each bond pair.
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O3LYP uses much less exact exchange ͑0.1161͒ than most hybrid functions, leading to similar MADs for O3LYP ͑4.1͒ and OLYP ͑4.7͒.
Overall, X3LYP ͑MADϭ2.8͒, B3LYP ͑3.1
22
͒, B3PW91 ͑3. 5 22 ͒, mPW1PW ͑3.9͒, O3LYP ͑4.1͒, OLYP ͑4.7͒, and PBE0 ͑4.8
53
͒ show the best performance for thermochemistry.
G2 theory leads to a MAD of only 1.58 kcal/mol. 22 ,23,48,56,57 G2 theory is a composite, based on the 6-311G** basis set but with several basis set extensions.
Electron correlation is treated by Moller-Plesset ͑MP͒ perturbation theory and by quadratic configuration interaction ͓QCISD͑T͔͒. However we must emphasize that G2 theory is not ab initio. It includes an empirical ''high-level corrections'' for each covalent bond, assuming additivity. Removing these empirical corrections leads to much poorer thermochemistry. Thus based on the data in Refs. 56 and 57, we deduce that for the heats of formation of the first 56 molecules in Table II the MP4/6-311G** calculations lead to MADϭ21.8 kcal/mol while QCISD͑T͒/6-311G** leads to MADϭ16.8 kcal/mol. This can be compared to the results from DFT on the same systems with the same basis set ͑6-311G**͒: MADϭ4.2 kcal/mol for B3LYP, 5.5 PBE0 and 4.9 X3LYP. Thus the current generation of DFT functionals lead to results significantly better than the standard ab initio methods, if empirical corrections are excluded from the ab initio. Since the empirical corrections in G2 theory are pointwise, there is no information on the forces corresponding to this correction and hence one cannot include the corrections in the potential surface ͑barrier heights, etc͒. Table IV and Table S2 list experimental IPs and theoretical deviations from experiment for the 18 atoms up to Ar and the 24 molecules in the G2 data set. 23, 48 The MADs for the total 42 systems are 0.163 eV ͑B3LYP͒, 0.162 ͑PBE0͒, and 0.154 ͑X3LYP͒. The only case better than X3LYP is O3LYP with error of 0.139 eV.
B. Ionization potentials "IPs…
Very accurate experimental IPs for atoms are known to provide a good test of the functionals for describing positively charged systems. Generally, cations are more inhomogeneous than the neutral system. Thus it is not surprising that GGAs ͑except BP86͒ dramatically improve the predictions of IPs over LDA ͑SVWN͒ ͑MADϭ0.67 eV, Table IV͒ . However inclusion of exact exchange has little benefit.
C. Electron affinities "EAs…
There has been some debate in the literature concerning whether DFT methods are suitable for calculating EAs. 53,58 -60 The ''self-interaction error'' artificially shifts the Table V and Table S3 summarize the experimental EAs and the theoretical deviations from experiment for 7 atoms and 18 molecules. 23, 48 Over these 25 systems the best performance is for X3LYP ͑MADϭ0.087 eV͒, but B3LYP ͑0.11 eV͒ and PBE0 ͑0.13 eV͒ are comparable.
As expected, LDA ͑SVWN͒ overbinds ͑by MADϭ0.75 eV͒ the extra electron ͑relative to the neutral system͒ and most GGAs ͑except BP86͒ remove most of this error, leading to MAD from 0.11 to 0.14 eV. Although HF exchange is self-interaction error free, inclusion of exact exchange leads to errors of 0.08 -0.14 eV, indicating no improvement in the performance over the corresponding pure DFT methods ͓e.g., 0.107 ͑BLYP͒ versus 0.108 eV ͑B3LYP͒; 0.111 ͑PBE͒ versus 0.126 eV ͑PBE0͔͒.
For atomic systems, the MADs for B3LYP, PBE0, and X3LYP are 0.106, 0.090, and 0.080 eV, respectively, but PBE0 performs significantly better for the second low atoms. For the molecular systems, B3LYP, PBE0, and X3LYP lead to MADs of 0.111, 0.146, 0.096 eV, respectively. The EA of Cl 2 is problematic for both B3LYP and X3LYP.
D. Proton affinities "PAs…
Protonation makes the molecules more inhomogeneous. Thus it is anticipated that PAs may be systematically underestimated by LDA. Table VI shows that the MAD for the prediction of PA by LDA ͑SVWN͒ is ϳ6.3 kcal/mol with a maximum negative deviation of Ϫ10.1 kcal/mol. GGAs reduce the LDA errors effectively, although PA are still underestimated in PWLYP and PW3LYP as shown by the lack of positive deviations with these methods. B3PW91 and B3P86 show the best performance, with MADs being 0.73 and 0.71 kcal/mol, respectively.
Over these 8 systems the MADs are 1.6 ͑B3LYP͒, 23 1.7 ͑X3LYP͒, and 2.4 kcal/mol ͑PBE0͒. 53 These error statistics are impressive, but the sample space ͑8 data͒ may be too small to draw a definitive conclusion.
E. Total energies
Total energies for the first 10 atoms are summarized in Table VII . Comparing to the experimental values, 45, 46 we see that LDA ͑SVWN͒ makes huge errors ͑MAD, 0.245 a.u. ϭ6.67 eVϭ153.7 kcal/mol͒. GGAs remove a large part of this error. For the pure DFT methods, BLYP and BPW91 perform best ͑MAD 0.007 and 0.006 a.u., respectively͒; while BP86 and PBE behave worst ͑MAD 0.112 and 0.046 a.u., respectively͒. Inclusion of some exact exchange does not make hybrid DFT methods superior to the corresponding pure DFT methods. The MADs are 0.004 ͑X3LYP͒, 0.013 ͑B3LYP͒, 0.010 ͑B3PW91͒, 0.040 ͑PBE0͒, and 0.002 a.u. ͑O3LYP͒. 
F. Bonding properties of noble-gas dimers
For a neutral atom the effective potential seen by an electron far from atom should have the form Ϫ1/r, but none of the conventional density functionals have this form. [29] [30] [31] [32] [33] [34] [35] ͓The GGGA method 61 does lead to Ϫ1/r but this has not been tested thoroughly.͔ With the wrong long-range potential, we cannot expect to have the correct long range density and hence we would expect problems getting the correct long-range dispersion interactions ͑particularly near the minimum for the noble-gas dimers͒. We find below that X3LYP and mPWPW lead to fairly good descriptions for He 2 and Ne 2 ; however, this does not mean that the underlying problem of DFT has been solved. Indeed these methods do not do well at describing larger noble-gas dimers such as Xe 2 , and even Ar 2 . On the other hand, for the biological and other organic materials in which we are interested, the nonbonded contacts are dominated by H, C, N, and O, which have dispersion interactions similar to He and Ne. Thus we focused on these two cases to ensure a good description of biological systems. Noble-gas dimers are the least ambiguous test molecules for determining how well the van der Waals attraction ͑Lon-don dispersion͒ is described. Although the B88 exchange functional has been very successful in describing the thermochemistry of covalent systems, it fails completely to describe van der Waals interactions. As shown in Table VIII , every DFT methods using B88 as exchange functional, pure or hybrid, gives unbounded noble-gas dimers.
On the other hand, Table VIII shows that the PW91 exchange functional severely overbinds noble-gas dimers. Adamo and Barone modified PW91 16 by fitting the differential exchange energies of noble-gas dimers to HF values, removing most of the overbinding tendency of PW91. This mPWPW model yields r e (He-He)ϭ3.14 Å and D e (He-He)ϭ0.069 kcal/mol, 16 as compared the PWPW values of r e (He-He)ϭ2.645 Å and D e (He-He)ϭ0.231 kcal/mol 16 and the experimental values of r e (He-He) ϭ2.970 Å, D e (He-He)ϭ0.022 kcal/mol. 50 The PBE functional gives a good description of noble-gas dimers. For He 2 , PBE0 yields r e ϭ2.818 Å and D e ϭ0.042 kcal/mol, although, critically, 44 PBE0 still overestimates D e by 91%. The van der Waals attraction between noble-gas atoms is entirely due to electron correlation, originating from the interactions between instantaneous fluctuating dipoles as shown by London. Thus when the correlation functional is eliminated to obtain the exchange-only potential, the noble gas dimers should lead to totally repulsive interactions for all interatomic distances, similar to the HF potential. However, the PW91, mPW, PBE, and corresponding hybrid models, without correlation all lead to a bound state, indicating that some electron correlation is implicitly included in the exchange-only potentials.
In this context, we conclude that X3LYP outperforms all the other functionals listed in Table VIII . For He 2 , X3LYP yields r e ϭ2.726 Å and D e ϭ0.021 kcal/mol; while the exchange-only ͑X3͒ potential is repulsive.
Further improvement on the correlation functional is needed to describe correctly the van der Waals attraction.
G. Bonding properties of water dimer
Hydrogen bonding plays a critical role in a wide range of chemical and biological phenomena. Consequently water dimer, a prototypical hydrogen bonded system, has received much experimental and theoretical attention. [62] [63] [64] [65] [66] [67] [68] [69] The equilibrium geometry and dissociation energy of (H 2 O) 2 are now known quite accurately: r e (O¯O)ϭ2.912Ϯ0.005 Å and D e ϭ5.02Ϯ0.10 kcal/mol. 65 These results come from a highlevel ab initio theory ͓coupled cluster including single and double excitations plus triples ͑CCSD͑T͒͒ ͑full͔͒ using basis sets that are extrapolated to infinity. 65 Accurate experimental determination of r e and D e have proven to be an elusive goal. Microwave measurements lead to a vibrationally averaged O¯O distance R 0 ϭ2.976 Å, from which it was estimated that R e ϭ2.946 Å. 68 The widely accepted experimental D e ϭ5.4Ϯ0.7 kcal/mol 69 was based on measurements of the thermal conductivity of the water vapor and involved complex interpretations. We conclude that the ab initio values are the most reliable. Table IX lists the calculated bonding properties of (H 2 O) 2 using a variety of DFT methods. The most accurate overall description is from X3LYP, which leads to a bond distance just 0.004 Å from the exact value ͑and within the error bars͒ and a bond energy within 0.05 kcal/mol of the exact value ͑and within the error bars͒, predicting bonding properties of (H 2 O) 2 with better quality than the other functionals listed in Table IX. Other DFT methods with either R e or D e within experimental error of the exact result are PBE0 for D e and mP-WPW for R e .
BLYP gives r e ϭ2.952 Å, which is 0.04 Å too long, and D e too weak by 0.84 kcal/mol ͑16%͒, indicating too weak a hydrogen bond. B3LYP leads to some improvement but still underestimates hydrogen bonds, leading to r e too long by 0.014 Å and D e too weak by 0.45 kcal/mol ͑9%͒.
In contrast PWPW overestimates hydrogen bonds, leading to r e too short by 0.026 Å and D e too strong by 0.41 kcal/mol. The modified PW91 functional ͑mPWPW͒ improves R e to within 0.001 Å, but over-corrects the overbinding, leading to a bond too weak by 0.54 kcal/mol.
Although OLYP is very promising for thermochemistry, it is not good for hydrogen bonding, leading to R e (O¯O) too long by 0.263 Å and D e too weak by 2.26 kcal/mol, indicating that hydrogen bonds are significantly underestimated by this functional. O3LYP improves slightly from OLYP, but R e (O¯O) too long by 0.183 Å, with D e too weak by 1.82 kcal/mol.
V. CONCLUDING REMARKS
Development of improved approximations to the exchange-correlation functional has been critical to the success of Kohn-Sham density functional theory, with several exchange-correlation functionals that do quite well for particular properties. This success has been achieved either by construction of functional forms to satisfy physical constraints or by fitting a few scale parameters to experimental data. We have combined these two approaches to obtain the X3LYP exchange-correlation functional whose form matches well the behavior of a Gaussian-type decaying density. To aid those that would like to test X3LYP, we express the F X GGA as a linear combination of F B88 and F
PW91
. The four mixing coefficients in X3LYP were determined by fitting to the atomization energies of a set of 33 diatomic and 5 triatomic molecules involving single, double, and triple bonds. In addition we included He 2 , Ne 2 , and Ar 2 to test accuracy of van der Waals interactions, and here we demanded that exclusion of the LYP correlation function would lead to a repulsive potential curve, similar to HF. Total energies of the first 10 atoms as well as ionization potentials and electron affinities of the first and second row atoms were also included in the fitting set. The accuracy of X3LYP was validated by testing against experimental data for the extended G2 set, which contains 148 standard heats of formation, 42 ionization potentials, 25 electron affinities, 8 proton affinities, and 10 total atomic energies for H through Ne. In addition we tested X3LYP for noble gas and water dimers. Among all the DFT functionals tested here, the mean absolute deviations achieved by X3LYP are: ͑i͒ Heats of formation: 2.804 kcal/mol ͑best for all DFT͒; ͑ii͒ ionization potential: 0.154 eV ͑2nd best of all DFT, best is O3LYP with 0.139 error͒; ͑iii͒ electron affinities: 0.087 eV ͑best for all DFT͒; ͑iv͒ proton affinities: 1.714 kcal/mol ͑best is B3P86 with 0.71 error͒; ͑v͒ total atomic energies: 0.004 a.u. ͑2nd best of all DFT, best is O3LYP with 0.002 error͒; ͑vi͒ He 2 bond energy: error of 0.001 kcal/mol or 5% ͑tied with XLYP for the best of all DFT͒; ͑vii͒ He 2 bond distance: error of 0.244 Å or 8% ͑best is mPW0 with an error of 0.082 Å but a bond energy too large by 0.023 or 110%͒; ͑viii͒ Ne 2 bond energy: error of 0.021 kcal/mol or 25% ͑best is mPWPW with an error of 0.008͒; ͑ix͒ Ne 2 bond distance: error of 0.187 Å or 5% ͑the best is PW3PW with an error of 0.088 Å͒; ͑x͒ H 2 O dimer bond energy: error of 0.005 kcal/mol or 0.1% ͑2nd best of all DFT, best is PBE0 with 0.004 error͒; ͑xi͒ H 2 O dimer bond distance: error of 0.004 Å or 0.1% ͑2nd best of all DFT, best is mPWPW with 0.001 Å error͒.
Thus X3LYP is the most accurate DFT for most properties and is competitive with the best DFT for most other properties, making it the most consistent overall. In particular the accuracy for van der Waals and hydrogen bond interactions should make X3LYP useful for applications over a wide range of important chemical and biological systems. Supplementary material available ͑Ref. 70͒: Table S1 Deviations ͑theory-exptl.͒ from experiment for the heats of formation ͑kcal/mol at 298 K͒ for the extended G2 set ͑148 molecules͒, calculated by PWPW, PWLYP, PW3PW, PW1PW, and PW3LYP in Jaguar. Table S2 Ionization potentials ͑in eV͒ at 0 K of 42 systems of G2 set and the deviations ͑theory-exptl.͒ obtained from B3LYP, PBE0, and X3LYP. Table S3 Electron affinities ͑in eV͒ at 0 K of 25 systems of G2 set and the deviations ͑theory-exptl.͒ obtained from B3LYP, PBE0, and X3LYP. Table S4 Proton affinities ͑in kcal/mol͒ at 0 K of 8 systems of G2 set and the deviations ͑theory-exptl.͒ obtained from B3LYP, PBE0, and X3LYP. 
